We investigated the expression of anthocyanin structural genes and transcription factors (TFs) associated with varying anthocyanin content during different developmental stages (S1-S4) of the gerbera cultivars 'Nathasha' and 'Rosalin'. Accumulation of anthocyanin started at S1 and reached a maximum at S3 in both cultivars. Enhancement of anthocyanin content in 'Nathasha' was associated with upregulation of ANS and MYB10, whereas in 'Rosalin', upregulation was associated with CHS1, MYB10, and MYC1. Low-temperature exposure (6 °C) enhanced anthocyanin content to a greater extent than that at 22 °C via stronger upregulation of CHS1 and MYB10 in 'Nathasha' and CHS1 in 'Rosalin', irrespective of flower developmental stage. However, differences in anthocyanin content between the two cultivars were found to be influenced by the expression levels of all structural genes and TFs, irrespective of flower developmental stage and temperature conditions. We suggest that differences in the regulation mechanisms of anthocyanin biosynthesis and coloration pattern between 'Nathasha' and 'Rosalin' are related to differences in the expression patterns of structural genes and TFs; however, further functional studies of the key genes in anthocyanin biosynthesis are needed.
Introduction
Gerbera hybrids are among the most important cut flowers globally and are commonly produced by crossing two wild species, Gerbera jamesonii and Gerbera viridifolia (Hansen 1999) . These are extremely popular flowers, and given the availability of multiple flower colors and continuous yearround production in greenhouses, they ranked fourth in popularity in Dutch auctions, after roses, chrysanthemums, and tulips (Plasmeijer 2012) . The richness of their flower colors makes gerbera an attractive candidate for anthocyanin biosynthesis research. In most plant species, flower colors ranging from red to blue are attributed to anthocyanins (Quattrocchio et al. 2006) resulting from different branches of the anthocyanin biosynthesis pathway (Chandler and Tanaka 2007; Wessinger and Rausher 2014) .
The structural genes involved in anthocyanin synthesis, including phenylalanine ammonia lyase (PAL), chalcone synthase (CHS), flavanone-3-hydroxylase (F3H), dihydroflavonol-4-reductase (DFR), and anthocyanidin synthase (ANS), have been well characterized in many species Grotewold 2006; Guo et al. 2014) . Transcriptional regulation of these structural genes is considered the major mechanism responsible for the diversity of flower color in plants (Quattrocchio et al. 1998; Yamagishi et al. 2010 ) and is achieved mainly by a complex of R2R3-MYB and basic helix-loop-helix (bHLH) transcription factors (TFs) associated with WD40 repeat proteins (Broun et al. 2005; Koes et al. 2005; Petroni and Tonelli 2011) . R2R3-MYB TFs are believed to play a key role by binding directly to the promoters of structural genes via highly-conserved DNA-binding domains (Takos et al. 2006; Zhang et al. 2014; Tian et al. 2015) .
Although previous studies have provided valuable insights into the mechanisms responsible for flower coloration in many plant species, the mechanisms underlying the regulation of anthocyanin biosynthesis, and which factors contribute to the diversity in flower coloration among plant species, remain unclear. Similarly, although some studies have investigated the relationships between the regulation of anthocyanin biosynthesis and flower colors in gerbera, the mechanisms determining color within the genus remain largely unknown. The R2R3-MYB TF GMYB10 is believed to regulate anthocyanin structural genes in gerbera by interacting with the bHLH TF GMYC1 (Elomaa et al. 1998 (Elomaa et al. , 2003 . In addition, ectopic expression of GMYB10 has been shown to markedly enhance anthocyanin content in the transgenic gerbera cultivar Terraregina (Laitinen et al. 2008) . Moreover, CHS-encoding genes such as GCHS1 and GCHS4 have been shown to influence anthocyanin accumulation in gerbera vegetative and floral organs (Helariutta et al. 1995; Laitinen et al. 2005) . Loss of one of two enzymatically functional DFR forms has also been shown to result in white-colored petals in the gerbera cultivar 'Ivory' (Bashandy et al. 2015) . Furthermore, temperature has been shown to influence anthocyanin biosynthesis in some flowers, including chrysanthemum, lily, rose, and petunia (Biran and Halevey 1973; Shvarts et al. 1997; Dela et al. 2003; Nozaki et al. 2006; Lai et al. 2011) , with low temperatures stimulating anthocyanin accumulation in petunia (Shvarts et al. 1997 ) and rose (Biran and Halevey 1973; . To the best of our knowledge, the role of low temperature in anthocyanin biosynthesis in gerbera has not been investigated to date. Moreover, the regulatory mechanism underlying the effects of temperature on anthocyanin biosynthesis in flowers remains unknown. Hence, it is of interest to explore the mechanism whereby temperature affects anthocyanin biosynthesis in gerbera.
In this study, we isolated anthocyanin structural genes and transcription factors known to be associated with the mechanisms of anthocyanin regulation from two gerbera cultivars with distinctly different flower colors, 'Nathasha' and 'Rosalin', and investigated the expression patterns of these genes during different developmental stages. In addition, we also investigated the role of temperature in controlling anthocyanin biosynthesis in gerbera by determining and comparing expression patterns of the structural genes and TFs in gerbera plants exposed to low or normal temperatures.
Methods

Plant materials
Flowers of the gerbera cultivars 'Nathasha' and 'Rosalin' are very graceful and attractive to flower users and lovers; they are, therefore, popular and commercially important in the flower industry. In this study, we used two commercial gerbera cultivars with distinct flower colors, 'Nathasha' and 'Rosalin', grown at a commercial flower production farm in Youngju, Korea. Flowers were collected at different developmental stages (S1-S4, early flower to the fully-open flower stages) (Fig. 1) . To determine anthocyanin content and expression of related structural genes and transcription factors (TFs) for each stage, approximately 2 g of petals (from three different flowers) was collected, immediately frozen in liquid nitrogen, and then stored at − 70 °C until they were used for isolation of total RNA and extraction of pigments. One biological sample contained three different flowers (plants), and analysis was performed for three different biological samples.
Effect of temperature on the regulation of anthocyanin
To investigate the effect of temperature on anthocyanin regulation, 20 plants of the two cultivars at different flowering stages (S2 and S3) were exposed to two different temperatures (6 and 22 °C) under a 16-h photoperiod (photon flux density of 30 mmol m −2 s −1 , cool white fluorescent lamps). For the determination of anthocyanin content and expression of related structural genes and TFs, approximately 2 g of petals (from three different flowers) was collected from plants (stages S2 and S3) subjected to temperatures of 6 and 22 °C for 3 days. Samples were immediately frozen in liquid nitrogen and then stored at − 70 °C until they were used for the isolation of total RNA and extraction of pigments, and the experiment was repeated for three different biological samples.
Analysis of total anthocyanin content
Total anthocyanin content in gerbera flowers collected at different developmental stages was analyzed, following previously described methods (Ai et al. 2016) . Briefly, for each sample, ~ 500 mg of petals was ground to a fine powder and transferred to an extraction solution for anthocyanin extraction. The extract was incubated at 4 °C for 24 h, then centrifuged at 13,000 rpm at 4 °C for 20 min. The supernatant containing anthocyanin was analyzed spectrophotometrically (Shimadzu, Kyoto, Japan). Data for each sample represent the average of three biological replicates.
RNA extraction
Total RNA was isolated from 100 mg of petals (from one biological sample) from each of the two cultivars collected at different developmental stages using TRI Reagent™ Solution (Ambion, USA). RNA integrity was assessed via electrophoresis using 1% agarose gels, and concentrations of the extracted RNA were determined using a NanoDrop spectrophotometer (Thermo, USA). RNA extraction was performed for three different biological samples.
Expression analysis of anthocyanin structural genes and TFs using qRT-PCR
To determine the transcript levels of anthocyanin structural genes and TFs, cDNA was synthesized from total RNA isolated from petals of the two cultivars collected at different developmental stages. One microgram of total RNA and oligo dT 20 primers were used for cDNA synthesis (ReverTra Ace-á, Toyobo, Japan). Transcript levels of the candidate genes (Table 1) were measured using a StepOnePlus Real-Time PCR system (Thermo Fisher Scientific, Waltham, USA) following published methods (Ai et al. 2016) . Gene expression levels were normalized to the actin gene to minimize variations in the cDNA template. The method used to calculate relative gene expression was quantitative-comparative C T (ΔΔC T ). The primers and PCR conditions used for amplification of the detected genes are listed in Table 1 . Data for each sample represent the average of three different biological replicates.
Statistical analysis
The data were analyzed using SPSS ver. 11.09 (IBM Corporation, Armonk, NY, USA) and are presented as the means of three replicates. A least significant difference test (LSD test) was used to analyze the differences between means. The significance level was set at P < 0.05.
Results
Anthocyanin accumulation in two different gerbera cultivars
Anthocyanin content in petals of the two gerbera cultivars 'Nathasha' and 'Rosalin' was measured at different stages of flower development. Overall, the anthocyanin content varied between the cultivars. The anthocyanin content in 'Nathasha' was found to be higher than that in 'Rosalin' (Fig. 2a, b) , which is consistent with their respective flower colors. However, the cultivars differed with respect to the stages at which the highest anthocyanin contents were produced, being at stages S2 and S3 for 'Nathasha' but only at stage S3 for 'Rosalin'. Coloration patterns during the different developmental stages differed marginally between the two cultivars, reflected in anthocyanin content which was lowest at S1 for 'Nathasha' and at S2 for 'Rosalin', whereas both cultivars had peaks at S3 and both exhibited a subsequent decline at S4.
Expression patterns of anthocyanin structural genes in the two cultivars
The results shown in Fig. 2a , b indicate that the anthocyanin content in petals of both cultivars differed at different stages of development. Therefore, we examined the transcript levels of genes involved in anthocyanin biosynthesis at these developmental stages (CHS1, CHS4, F3H, F3′H, DFR, and ANS) by real-time PCR. The results indicated that all the structural genes were expressed in both cultivars and at all the developmental stages studied; however, the expression patterns in the two cultivars differed at different developmental stages (Figs. 3, 4) . In 'Nathasha', the expression levels of all structural genes, except F3′H and ANS, were found to be highest at stage S2 and declined thereafter (in stages S3 and S4), indicating similar expression patterns for most of the genes ( Fig. 3a-f) . However, the highest anthocyanin content was observed at stage 3, corresponding to the highest expression levels of ANS. In addition, the higher anthocyanin content observed at S4 than at S1 was also consistent with the expression levels of ANS. In 'Rosalin', the expression levels of all genes, except CHS1, were highest at S1 and decreased thereafter (from S2 to S4 stages), although CHS4 levels remained at their highest until stage S2 (Fig. 4a-f) . In contrast to the other genes, the expression of CHS1 was found to be lowest at S1, and thereafter gradually increased from S1 to S3 before decreasing at S4 (Fig. 4b) . The high expression of anthocyanin structural genes (CHS4, F3H, F3′H, DFR, and ANS) at S1 was consistent with the high anthocyanin content detected at this stage; however, these genes were expressed at relatively low levels at stage S3, when the highest amounts of anthocyanin were produced. Interestingly, only CHS1 was expressed at high levels at stage S3. When comparing gene expression between the cultivars, the expression levels of most structural genes at all stages were generally higher in 'Nathasha' than in 'Rosalin', which may be associated with the differences in anthocyanin levels observed at the different developmental stages.
Expression levels of transcription factors in the two cultivars
The expression levels of two transcription factors (TFs), MYB10 and MYC1, were measured using a real-time quantitative PCR (Fig. 5) . The qRT-PCR results showed that both TFs were expressed at all developmental stages studied, in both cultivars. In 'Nathasha', the expression levels of MYB10 were low at the S1 stage and increased until S3, but showed a subsequent decline at stage S4 although expression levels at S4 were still higher than at S1. However, similar expression patterns were not observed for MYC1 (Fig. 5a, b) . The expression pattern of MYB10 is consistent with the anthocyanin content observed at the different stages. Similarly, expression of MYB10 in 'Rosalin' was found to be more consistent with the corresponding changes in anthocyanin content at all stages than was the expression of MYC1 (Fig. 5c, d ). However, we found higher expression levels of both TFs in the red-flowered 'Nathasha' than in the pink-flowered 'Rosalin'. 
Accumulation of anthocyanin in gerbera under low temperature
When flowers at developmental stages S2 and S3 were subjected to two different temperatures (6 and 22 °C), we observed differences in the anthocyanin content in both cultivars, with a significantly higher anthocyanin content being observed at 6 °C than at 22 °C (Figs. 6, 7 ).
Expression of anthocyanin biosynthesis genes exposed to low temperature
To measure the transcript levels of structural genes expressed at stages S2 and S3, the two cultivars were subjected to two temperatures (a low-temperature treatment at 6 °C and a high-temperature treatment at 22 °C). Differential expression of transcripts was evident from the qRT-PCR analysis. Briefly, in both the cultivars studied, all the structural genes analyzed were expressed at each of the different stages, and their expression was found to be temperature dependent. In 'Nathasha', the expression levels of CHS1, F3H, and ANS were found to be higher at 6 °C than at 22 °C at all stages, whereas the transcript levels of CHS4, F3′H, and DFR showed a stronger induction at 22 °C, particularly at the S3 stage (Fig. 8) . As previously noted, the accumulation of anthocyanin was higher overall at 6 °C than at 22 °C and, based on these results, we suggest that the higher content of anthocyanin induced at 6 °C is associated with the higher transcriptional activation of CHS1, F3H, and ANS genes. Similarly, detection of higher anthocyanin content at S3 compared with S2 also reflects the observed gene expression patterns, as the transcript levels of the genes expressed at S3 were higher than at S2.
In the case of 'Rosalin', plants exposed to a temperature of 6 °C during the flowering stages exhibited a higher anthocyanin content than did those exposed to a temperature of 22 °C. However, in plants subjected to 6 °C, higher amounts of anthocyanin were observed at S2 than at S3, which was associated with higher transcript levels of CHS1 expressed at S2 (Fig. 9) . Overall, in both cultivars, our results show that temperature has an important role in 
Expression levels of the transcription factors under low temperature
In this report, we observed temperature-dependent transcriptional activation of TFs; however, the responses tended to be flowering stage and cultivar dependent. For instance, in 'Nathasha', transcript levels of MYB10 and MYC1 were consistently higher at all stages when induced by low temperature (6 °C) (Fig. 10a, b) . Accumulation of higher anthocyanin content in S3 at 6 °C was consistent with the higher expression levels of MYB10. Surprisingly, in 'Rosalin', transcript levels of the TFs were barely detectable at S2 or S3 at 6 °C, whereas high expression was observed at all stages at 22 °C (Fig. 10c, d ). In addition, a relationship between transcriptional activation and anthocyanin content could not be established in this cultivar because, at 6 °C, transcript levels of the TFs were relatively low at S2, although the anthocyanin content was found to be high. This implies that the mechanisms underlying anthocyanin accumulation associated with transcriptional activation of the TFs are complex in the cultivar 'Rosalin'.
Discussion
The diverse flower colors seen in many ornamental plants are generally influenced by differential expression of structural genes and TFs involved in the anthocyanin biosynthesis pathway (Nakatsuka et al. 2005; Zhao et al. 2012) . Hence, analysis of the relevant differential expression patterns is an appropriate approach to understanding how flower color is associated with gene expression patterns in relation to developmental stages and environmental cues. In antirrhinum, petunia, and sacred lotus, the expression profiles and precise roles of structural genes and TFs determining flower pigmentation have been characterized (Martin et al. 1993; Quattrocchio et al. 1998; Collette et al. 2004; Wang et al. 2016) . As gerbera has diverse flower colors, a number of reports have highlighted the use of gerbera as an Asteraceae model for studying the association between flower color and gene expression patterns during flower development (Helariutta et al. 1996; Elomaa et al. 1998; Laitinen et al. 2005; Deng et al. 2014; Bashandy et al. 2015) . Although efforts have been made to elucidate the anthocyanin synthesis pathway in gerbera, the limited information currently available has hindered investigation of the complicated mechanisms underlying flower coloration. Therefore, in the present study, we examined the expression patterns of various structural genes (CHS1, CHS4, F3H, F3H, DFR, and ANS) and two TFs (MYB10 and MYC1) to determine their relationship with anthocyanin production in the two gerbera cultivars, 'Nathasha' and 'Rosalin'. In addition, the effects of temperature on anthocyanin synthesis were also investigated in both cultivars by profiling the expression patterns of the same structural genes and TFs under different temperatures. In this study, differences in anthocyanin content during flower development were observed in both cultivars. Overall, higher amounts of anthocyanin were recorded at the S3 flowering stage for 'Nathasha'. The high anthocyanin content at this stage coincided with the detection of high transcript levels of ANS. Surprisingly, significantly lower amounts of anthocyanin were observed at stage S1 than at S3, despite higher expression levels of the structural genes (CHS1, CHS4, F3H, and DFR) at S1, which may be explained by the higher expression levels of ANS at S3 than at S1. Furthermore, the increase in anthocyanin content at S3 was marginally higher than at S4, which may also be due to the higher expression levels of ANS than of the other structural genes. The involvement of ANS in anthocyanin biosynthesis has been previously identified in gerbera (Wellmann et al. 2006 ) and other flowers (Rosati et al. 1999; Shimizu et al. 2011) , although functional roles for CHS1, F3H, F3′H, and DFR in anthocyanin accumulation in gerbera have also been reported (Martens et al. 2002; Meng et al. 2004; Seitz et al. 2006; Deng et al. 2014; Bashandy et al. 2015) . In 'Rosalin', all structural genes were expressed at all stages, although CHS1 showed a contrasting expression pattern, with an initial low expression at S1 that then increased linearly until S3, before decreasing at S4. A similar trend for CHS1 expression has been reported in the gerbera cultivars Terraregina and President (Deng et al. 2014) , which have flower colors similar to those of 'Rosalin'. Higher expression of all genes, except CHS1, at S1 is consistent with high anthocyanin content; however, their transcript levels at S3 were not consistent with the high anthocyanin content observed at this stage, and it is possible that the high anthocyanin content at S3 was due to the high expression of CHS1. The transcript levels of CHS4, F3H, F3′H, DFR, and ANS at S2 were significantly higher than those observed at S3, but the lower amounts of anthocyanin observed at S2 than at S3 may also be due to lower transcript levels of CHS1. Interestingly, although CHS1 and CHS4 are members of the CHS multigene family, CHS4 is unlikely to contribute to anthocyanin accumulation based on the comparison of their expression levels. Deng et al. (2014) also reported that although CHS4 was strongly expressed during petal development in gerbera, it did not contribute to pigmentation, and that instead it was CHS1 expression that determined pigmentation levels (Helariutta et al. 1993) . In support of this, the temporal correlation between CHS1 expression during petal development and anthocyanin synthesis in gerbera has been reported (Helariutta et al. 1995) . Hence, CHS1 may have a stronger influence on anthocyanin accumulation than other structural genes, at least in the 'Rosalin' cultivar. Taken together, our results suggest that ANS is more likely to be a key structural gene in 'Nathasha', whereas CHS1 may be more important in 'Rosalin'. However, the accumulation of higher amounts of anthocyanin in 'Nathasha' may also be due to a cumulative effect of the high expression levels of all the other structural genes.
Analysis of the role of TFs in anthocyanin accumulation showed that, in 'Nathasha', the expression pattern of MYB10 was consistent with that of ANS at all stages; therefore, MYB10 may regulate ANS expression independently of other structural genes. Laitinen et al. (2008) also reported that overexpression of GMYB10 in gerbera upregulated late structural genes, including ANS. However, in 'Rosalin', MYB10 may directly regulate the expression of CHS1 upstream of anthocyanin synthesis, as suggested by the expression patterns of CHS1 and MYB10, particularly at S3 where the highest anthocyanin content was detected. As MYC1 was expressed at all stages in both cultivars, it may play a role in anthocyanin regulation by interacting with MYB10, as it has been shown that co-expression of MYB and MYC1 can regulate anthocyanin structural genes in gerbera (Elomaa et al. 1998 (Elomaa et al. , 2003 .
The role of temperature in anthocyanin accumulation is well known in some flowers. High temperature is associated with a decrease in anthocyanin pigmentation in chrysanthemum (Nozaki et al. 2006) , lily (Lai et al. 2011) , and rose (Dela et al. 2003) , whereas low temperatures have been reported to stimulate anthocyanin accumulation in petunia (Shvarts et al. 1997 ) and rose (Biran and Halevey 1973; ; however, the mechanism whereby temperature might influence anthocyanin accumulation in flowers is not known. To the best of our knowledge, the effects of low temperature on anthocyanin biosynthesis in gerbera have not been studied. In the present study, we investigated the effects of two different temperatures (6 and 22 °C) on anthocyanin pigmentation at two different stages (S2 and S3) of gerbera flower development to gain a better understanding of the mechanisms underlying anthocyanin accumulation in the cultivars 'Nathasha' and 'Rosalin'. In both cultivars, exposure to low temperature (6 °C) led to higher anthocyanin accumulation than exposure to a higher temperature (22 °C). In 'Nathasha', the increase in anthocyanin levels in response to low-temperature exposure may be explained by the high expression levels of the CHS1, F3H, and ANS genes; however, the higher accumulation of anthocyanin at S3 compared with S2 may be attributable to the cumulative high expression of the structural genes (CHS1, F3H, F3′H , DFR, and ANS). Of the genes induced at 6 °C, CHS1 showed the highest induction, and its role in anthocyanin accumulation in gerbera has been previously documented. Strong induction of CHS by low-temperature treatment was reported in Arabidopsis and red orange (Leyva et al. 1995; Lo Piero et al. 2005) , and upregulation of CHS under low temperature has also been reported for petunia flowers (Shvarts et al. 1997) . Similarly, in 'Rosalin', an increase in anthocyanin content was observed at 6 °C, and this increase may be related to the high expression levels of CHS1. However, detection of higher anthocyanin levels at S2 than at S3 under the same temperature may also be explained by stronger activation of the other structural genes. Surprisingly, our results suggest that the higher expression of the genes induced at 22 °C did not affect anthocyanin content, which may be due to post-transcriptional regulation, as reported previously for gerbera (Deng et al. 2014) . Overall, in both cultivars, low temperature-enhanced anthocyanin synthesis was associated mainly with CHS1, albeit likely complemented by the activity of other structural genes.
In 'Nathasha', enhancement of anthocyanin synthesis at low temperature may result from upregulation of TFs that bind to the promoters of anthocyanin structural genes. There is strong support for this argument because MYB10 and MYC1 showed stronger expression at 6 °C than at 22 °C, and the interactions between these TFs in anthocyanin accumulation has already been described for gerbera. In addition, upregulation of MYCs and MYBs has been shown to be modulated by temperature in various crops (Ban et al. 2007; Rowan et al. 2009; Lin-Wang et al. 2011) . However, in 'Rosalin', the higher anthocyanin synthesis induced at 6 °C did not coincide with an increase in the expression of the two TFs, which was significantly lower at 6 °C. Accordingly, the molecular mechanisms by which TFs regulate anthocyanin biosynthesis and flower coloration in response to temperature remain largely unknown.
Conclusions
Accumulation of anthocyanin in the gerbera cultivars 'Nathasha' and 'Rosalin' starts at an early stage (S1) and reaches maximum levels during the middle stage (S3) of flower development. Differential expression of ANS and MYB10 during flower development was found to correlate with the varying anthocyanin content in 'Nathasha', whereas expression of CHS1, MYC1, and MYB10 was observed for 'Rosalin'. The higher anthocyanin content in 'Nathasha' than in 'Rosalin' may be attributable to the cumulative expression levels of all structural genes and TFs. Our results showed that low-temperature exposure enhanced anthocyanin levels at all stages studied by upregulation of CHS1 and the TFs MYB10 and MYC1 in 'Nathasha', and CHS1 in 'Rosalin'. In addition, the expression patterns of the structural genes and TFs induced by low temperature were cultivar and stage dependent. Although in this study we uncovered some of the roles of anthocyanin structural genes and TFs in anthocyanin biosynthesis during different developmental stages and under different temperatures, the potential mechanisms underlying the regulation of anthocyanin biosynthesis are likely to be complex. Further functional studies of key genes involved in anthocyanin biosynthesis are needed and should be explored using genetic transformation or gene silencing techniques.
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